Some aspects of the reproductive biology of the polychaete Gorgoniapolynoe caeciliae have been described for the ¢rst time. Gorgoniapolynoe caeciliae is a deep-sea commensal species associated with Candidella imbricata, an octocoral that populates the New England Seamount chain. Gorgoniapolynoe caeciliae is a dioecious species with an equal sex ratio and fertile segments throughout most of the adult body. The gonads of both sexes are associated with genital blood vessels emerging from the posterior surface of most intersegmental septa. In the female, oogenesis is intraovarian with oocytes being retained within the ovary until vitellogenesis is completed. The largest female examined contained over 3000 eggs with a maximum diameter of 80^90 mm. In the male, the testes are repeated in numerous segments and consist of small clusters of spermatogonia, spermatocytes, and early spermatids associated with the walls of the genital blood vessels. Early spermatids are shed into the coelom where they complete di¡erentiation into mature ect-aquasperm with a spherical head (4 mm), a small cap-like acrosome, and a short mid-piece with four mitochondria. Indirect evidence suggests that this species is an annual breeder that releases its gametes into seawater and produces a planktotrophic larva following fertilization. The reproductive biology of G. caeciliae is consistent with that of most other polynoids including many shallow water species suggesting that phylogenetic history strongly shapes its biology.
INTRODUCTION
Polychaetous annelids are notable among invertebrates for their rich diversity of life history features (Wilson, 1991; Giangrande, 1997; Pernet et al., 2002) . However, only about 3% of extant species have had their life histories described in detail and most of these inhabit shallow water (Giangrande, 1997) . Our knowledge of the reproductive biology of deep-sea polychaetes is mostly con¢ned to a few species from hydrothermal vent and methane seep habitats. They include members of the Alvinellidae, the Amphretidae, the Polynoidae, the Hesionidae, and the Orbiniidae (reviewed in Eckelbarger & Young, 2002; Young, 2003) . Limited information is also available for a few species not associated with either vents or seep sites (Blake, 1993; Blake & Watling, 1994) .
The Polynoidae ('scaleworms') represents the second largest polychaete family and is a highly diverse group presently composed of 20 subfamilies. Polynoids are commonly encountered in deep-sea habitats (Pettibone, 1984) , particularly abyssal plains and deep-sea trenches (Levenstein, 1984) but also at high-temperature hydrothermal chimneys, di¡use venting areas, and on decomposing organic matter including whale carcasses (Chevaldonne¤ et al., 1998; Jollivet et al., 2000) . At least 40 species have been described to date at hydrothermal vents alone (Tunnicli¡ et al., 1998) . Many polychaetes form commensal relationships with other invertebrate groups and about 55% of the known commensal species belong to the Polynoidae (reviewed by Martin & Britayev, 1998) . While most polynoids are free-living, nearly 23% maintain commensal lifestyles. Approximately 20% of the host species are cnidarians (Martin & Briteyev, 1998) , including deep-sea gorgonians (Pettibone, 1991) . Some polynoids have evolved unique morphological adaptations as a result of their commensal life (Pettibone, 1984) but it is di⁄cult to assess whether or not reproductive divergences have occurred because so little is known about their life histories (Martin & Britayev, 1998; Jollivet et al., 2000) .
Connections between reproductive biology, habitat, and lifestyle lie at the heart of evolutionary and ecological theory. The role of these connections in deep-sea species have received widespread attention (Tyler & Young, 1999; Young, 2003) but almost all of it has been con¢ned to vent and cold seep habitats. Far less is known about the life histories of non-vent and non-seep species. Deep-sea species o¡er unique opportunities for exploring reproductive evolution because they are subjected to signi¢cantly di¡erent selective pressures than their shallow water relatives that could result in novel life history divergence. The critical role of phylogenetic history in moulding life history patterns has been examined in both shallow water and deep-sea invertebrates (e.g. Eckelbarger & Watling, 1995) . Recent investigations of the reproductive biology of deepsea invertebrates indicate that phylogenetic constraints impose boundaries on many species (Eckelbarger & Watling, 1995; Young & Tyler, 1997; Hodgson et al., 1998; Eckelbarger & Young, 1999 , 2002 Eckelbarger et al., 2001; Young, 2003) .
Gorgoniapolynoe caeciliae (Fauvel, 1913 ) is a deep-sea polynoid (subfamily Polynoinae) associated with Candidella imbricata (Gorgonacea: Primnoidae), an octocoral that populates deep-sea localities in the North Atlantic ( Figure 1A ). Gorgoniapolynoe caeciliae is distributed in both the eastern and western North Atlantic Ocean and has a previously reported depth range of 152^1543 m (Pettibone, 1991) . Through an unknown mechanism, it induces the octocoral to form open-ended tunnels or covered galleries on its branches within which the worms reside (Bayer, 1964) (Figure 1B ). Previous studies of polynoid commensals indicated that di¡usible chemicals released by various hosts serve as attractants for the worms (Davenport, 1966) and it has been suggested that host recognition by settling polynoid larvae is likely involved (Martin & Britayev, 1998 
MATERIALS AND METHODS

Sample collection
Histology
Whole specimens of G. caeciliae were ¢xed by immersion in Hollande's ¢xative for 24 h and processed using standard para⁄n histology. Following embedding in para⁄n, 10 mm sections were cut with a Microm HM 325 microtome, stained with Gomori's trichrome, and examined
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Electron microscopy
Ultrastructural studies were conducted on six male and seven female adult specimens. Transverse sections of animals were ¢xed by immersion for 90 min at room temperature in 2.5% glutaraldehyde bu¡ered with 0.2 M Millonig's phosphate bu¡er, rinsed three times for 15 min each in 0.4 M Millonig's bu¡er, and post-¢xed for 90 min at room temperature in 1% osmium tetroxide bu¡ered with 1.25% sodium bicarbonate. Tissue was then dehydrated in ascending concentrations of ethanol to 100%, followed by two changes with propylene oxide (5 min each), and embedded in Epon. Thin sections were cut with a diamond knife on a Porter-Blum MT2-B ultramicrotome, stained with uranyl acetate and lead citrate, and examined in a Zeiss 900 transmission electron microscope.
Number of fertile segments and fecundity
Gorgoniapolynoe caeciliae is a relatively small species so we were able to count all of the mature eggs in each female.
Parasagittal, para⁄n serial sections were examined with a compound microscope and every egg with a visible nucleolus was counted.
RESULTS
Specimens of Gorgoniapolynoe caeciliae were abundant on the colonies of Candidella imbricata we examined, with as many as 120 specimens being recovered from the branches of about one-fourth of a single colony. All specimens were found living in tunnels formed of modi¢ed sclerites, which the worm somehow induces the octocoral to produce. Each modi¢ed sclerite occurs at the base of the octocoral polyp, and may be derived from either a basal polyp sclerite or an adjacent sclerite of the coenenchyme. A worm tunnel may consist of as many as ¢ve pairs of modi¢ed sclerites ( Figure 1B) .
Candidella imbricata is a highly branched primnoid octocoral ( Figure 1A ). With the exception of the basal-most part of a main branch, there is either no G. caeciliae tunnel, or only one tunnel, between each pair of branch nodes. Internodes smaller than 10 mm do not contain tunnels, and only a small proportion of internodes between 10 and 25 mm in size have tunnels (Figure 2 ). Only 50% of the 30^40 mm internodes are occupied by tunnels.
Gorgoniapolynoe caeciliae is a gonochoric species with no indications of sexual dimorphism. From a sample of 40 adults collected at Kelvin Seamount, 22 were female, 17 were male, and one was of indeterminate sex. The computed sex ratio was insigni¢cantly di¡erent from unity (chi-squared test) at 1.29:1 (female:male). One hundred and thirteen specimens examined from Kelvin and Balanus Seamounts ranged from 4.4 to 19.5 mm in length with total segments numbering between 20 and 57 ( Figure 3 ). In 2003, sexes could not be determined as no gonadal products were present and this species has no apparent external sexual characters. However, worms collected from Kelvin and Balanus Seamounts in 2004 were sexually mature and could be examined histologically for the presence of eggs or sperm. For those worms whose sex was determined, there appeared to be no di¡er-ence in body size or segment number between males and females at either Kelvin or Balanus Seamounts (Figure 4 ). More females were collected at Kelvin Seamount and more males at Balanus Seamount, but these numbers are based on only three C. imbricata colonies and most likely did not re£ect a broad pattern.
The distribution of fertile segments di¡ers slightly between the sexes and shows minor inter-sexual variability. In both males and females, fertile segments extend from segment 7 to within four segments of the posterior end in the male and to within seven segments of the posterior end in the female. In histological sections of both sexes, the presence of gametes was ¢rst detected in specimens that were 5.7 mm in total length. An instantaneous fecundity (total number of eggs/female) was calculated from histological sections of 62 females collected at the Balanus and Kelvin Seamounts in May. Total egg numbers ranged from a minimum of 67 to a maximum of 3087 eggs.
The gonads of both sexes are associated with a nexus of blood vessels extending from the posterior surface of the intersegmental septa. In the female, oogenesis is intraovarian in that oocytes are retained within the ovary through vitellogenesis while surrounded by a thin layer of follicle cells ( Figure 1F ). The females examined contained only mature eggs with no signs of any earlier oocyte stages ( Figure 1C^E ). Developing oocytes are attached to blood vessels that extend from the intersegmental septa ( Figure   1C ) and are released into the coelomic £uid when mature ( Figure 1D ). Intracoelomic oocytes measured from histological sections were 80^90 mm in diameter and contained moderate quantities of yolk, prominent nuclei, and a single nucleolus ( Figure 1E ). Ultrastructural examination revealed a thin egg envelope with relatively few, short microvilli ( Figure 1F ).
Reproductive biology of a deep-sea polychaete K.J. Eckelbarger et al. 1429 Journal of the Marine Biological Association of the United Kingdom (2005) The coelomic cavities of all males examined were ¢lled with free-£oating mature sperm with a far smaller number of earlier sperm stages associated with the genital blood vessels. The testes consist of small clusters of spermatogonia, spermatocytes, and early spermatids that extend from the posterior face of the intersegmental septa ( Figure 1G^I ). Early spermatids are shed from the testis into the coelomic £uid where they develop into mature sperm ( Figures 1I & 5A Harmothoe glabra broadcast plankto Bhaud & Cazaux, 1987 Harmothoe imbricata 120^150 broadcast plankto elongate seasonal yes Cazaux, 1968; Daly, 1972 Daly, , 1973 Daly, , 1974 Daly et al., 1972; Rasmussen, 1973; Blake, 1975; Garwood, 1981 Figure 5A ). The di¡erentiating acrosomal vesicle and associated mitochondria are observed at high magni¢cation ( Figure 5C ). Late spermatids have nuclei with condensed chromatin ( Figure  5B ). The mature spermatozoon ( Figure 5E ) is an ectaquasperm consisting of a spherical head (nucleus) of 4 mm, a small, semi-spherical, cap-like acrosome with a thickened posterior rim and no substructure, a £occulent subacrosomal space, a small mid-piece containing four spherical mitochondria, and a £agellum.
DISCUSSION
The reproductive biology of Gorgoniapolynoe caeciliae closely parallels that of many shallow water polynoids indicating no apparent evolutionary modi¢cations resulting from its deep-sea habitat and/or commensal life style. While various external morphological modi¢cations have been described among commensal polynoids (Pettibone, 1991) , Martin & Britayev (1998) note that their reproductive biology appears to di¡er little from their free-living relatives although little information has been available. Some elements of the reproductive biology and development of polynoids have been described for at least 24 species, including several symbiotic species (Wilson, 1991; Giangrande, 1997) . A summary of reproductive features among known species of the Polynoidae (Table 1) shows a conservatism in their life history patterns with most species having seasonal breeding, intraovarian oogenesis, small eggs that develop planktotrophically, and simple, ect-aquasperm that develop as clonal cells while attached to the genital blood vessels. These collective reproductive features appear to be phylogenetically constrained. However, notable exceptions to this pattern have been described among two polynoids that occupy the same hydrothermal vent mussel beds (Bathymodiolus spp.). Branchipolynoe seepensis, a commensal living in the mantle cavity of the mussels and Opisthotrochopodus sp. nov., a free-living polynoid, both have sperm with elongate heads, quasi-continuous/asynchronous gametogenesis, internal fertilization, and large eggs that likely undergo non-planktotrophic development (Van Dover et al., 1999; Jollivet et al., 2000) . It must be noted, however, that these two species are placed in separate subfamilies from Gorgoniapolynoe caeciliae (Branchipolynoinae and Branchinotogluminae, respectively) and are presently restricted to deep-sea reducing environments. It is interesting that these two species have nearly identical reproductive biologies despite the apparent di¡erences in their respective life styles.
The results of our coelomic sampling suggests that Gorgoniapolynoe caeciliae is an annual, spring breeder like other polynoids although we were unable to take seasonal samples to con¢rm this. Our conclusion is based on the fact that all females sampled at Kelvin Seamount in two May samples contained only mature eggs while no sex products were detected in July samples from the same seamount suggesting that spawning had occurred. In contrast, Giangrande (1997) noted that the majority of deep-sea polychaetes show continuous breeding. Surprisingly, only one deep-sea polychaete, the non-vent spionid, Aurospio dibranchiata, is reported to have a seasonal reproductive pattern with the majority of species showing a likely continuous breeding pattern (Blake, 1993) . Blake (1993) summarized studies of 15 polychaete species in 11 families from hydrothermal vent and non-vent habitats that re£ected the latter pattern. Included in this list is the polynoid, Bathynoe cascadiensis, a continental shelf species. Another non-vent species, Cossura longocirrata, reproduces predominately during the summer but may be capable of year-round breeding (Blake, 1993) . All of the polychaetes associated with hot vents reproduce throughout the year, including two alvinellids and one ampharetid (reviewed in Young, 2003) . The methane seep hesionid, Hesiocaeca methanicola, undergoes synchronous gametogenesis but its breeding frequency could not be determined conclusively due to the lack of seasonal sampling (Eckelbarger et al., 2001) .
If Gorgoniapolynoe caeciliae does undergo seasonal breeding, it would be of interest to know what, if any, environmental cues play a role, and if coordinated mating behaviour is involved. The breeding biology of the shallow water polynoid, Harmothoe imbricata has been extensively investigated and indicates that day length and temperature govern the rate of vitellogenesis resulting in the synchronization of germ cell development (Garwood, 1981) . Since G. caeciliae occupies a deep-sea habitat, changing temperature and photoperiodic factors are unlikely to play a role. On the other hand, the spring phytoplankton bloom is a signi¢cant oceanographic feature of the North Atlantic Ocean (Harrison et al., 1993) . At 408N 478W (north and east of our study sites), the largest phytoplankton pigment concentrations, as determined from satellite image data, occurred during the month of March during the years 1979^1986. About 38% of the particulate organic carbon produced was exported through the base of the photic zone in late April^early May 1989, considerably later than the peak bloom period of previous years (Harrison et al., 1993) , suggesting that considerable phytoplankton energy might be available to the benthos sometime in the late March to late April time period.
A relatively complex mating behaviour has been described in Harmothoe imbricata (Daly, 1972 (Daly, , 1973 Daly et al., 1972) and evidence suggests that internal fertilization occurs in the vent-associated polynoids, Branchipolynoe seepensis (Van Dover et al., 1999; Jollivet et al., 2000) and Opisthotropodus sp. nov. (Van Dover et al., 1999) requiring coordinated mating. In all of these species, sexual dimorphisms are apparent and the males produce ¢liform sperm with elongated heads (lengths¼28.0 to 50 mm), indicating a modi¢ed form of fertilization. In contrast, externally-fertilizing polynoids such as Lepidonotus sp. (Rouse, 1988) , Harmothoe impar (Franze¤ n, 1956; Bentley & Serries, 1992 ), H. extenuata and H. lunulata (Franze¤ n, 1956) have ect-aquasperm with small rounded heads (lengths¼2.7 to 3.6 mm) closely resembling those of Gorgoniapolynoe caeciliae. The presence of ect-aquasperm and the lack of sexual dimorphism in G. caeciliae lead us to believe that elaborate mating behaviour and internal fertilization are not likely to occur. In addition, we never observed sperm or sperm storage organs in any of the females we examined histologically. Young (2003) points out in a recent review that annual or lifetime fecundities are very useful for ecologists but are nearly impossible to calculate for deep-sea polychaetes due to the paucity of life history information. As an alternative, Reproductive biology of a deep-sea polychaete K.J. Eckelbarger et al. 1431 instantaneous fecundity estimates are applied where possible. The present study is among a very few to provide estimates of instantaneous fecundity for any nonvent, deep-sea polychaete with the largest female G. caeciliae carrying over 3000 eggs. Blake (1993) reported approximately 160 eggs per gravid female in the sigalionid, Pholoe anoculata, and only two eggs for the orbinid, Microrbinia lineata. Britayev (1991) estimated up to 1,000,000 eggs in large females of the commensal polynoid Arctonoe vittata. Estimates for hydrothermal vent species range from 4000 eggs in Paralvinella grasslei (Zal et al., 1995) , 230,000 in the larger-bodied alvinellid Alvinella pompejana (Chevaldonne¤ et al., 1998) , and up to 700,000 mature eggs in the ovisac of the large siboglinid tubeworm, Riftia pachyptila (Young, 2003) .
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